Some studies have reported deficits in amblyopia for global form and motion integration, whereas other studies have shown global integration of form and motion information to be normal in amblyopia. Here, we attempt to resolve this discrepancy by showing that amblyopes only exhibit selective performance deficits on global tasks that contain noise as well as signal. We hypothesized that signal integration is normal, but noise segregation is not. We used comparable global orientation and motion direction discrimination tasks to measure integration performance in the presence of controlled amounts of pedestal noise (i.e., elements whose orientations or directions were randomly selected). We modelled the performance using an equivalent noise model, which has the parameters of internal noise and number of samples. Our results show that amblyopic eyes can integrate form (i.e., orientation) and motion information (i.e., motion direction) similarly to normals when all the information is signal (i.e., no pedestal noise). However, introducing pedestal noise perturbs the performance of the amblyopic eyes significantly more than that of the normal eyes.
Introduction
Our understanding of the cortical processing deficit in humans with amblyopia is still at an early stage. Animal models suggest that some cells in area V1 are affected. The nature of this dysfunction may be sufficient to explain the well documented psychophysical contrast sensitivity deficit in amblyopia: the contrast and spatial sensitivity of neurons with small receptive fields are abnormal in a proportion of cells (Kiorpes, Kiper, O'Keefe, Cavanaugh, & Movshon, 1998; Kiorpes & McKee, 1999) . However, this alone cannot encompass the array of psychophysical deficits that have been reported in amblyopia, and therefore the deficit is likely to involve extrastriate as well as striate function (Kiorpes et al., 1998) . There is little available data on extrastriate function in amblyopia but what there is does suggest extrastriate losses. For example, single cell neurophysiology studies of extrastriate function in amblyopia have shown that fewer cells are driven by the deprived eye (Schroder, Fries, Roelfsema, Singer, & Engel, 2002; Sireteanu & Best, 1992 ) and brain imaging studies in humans have demonstrated reduced extrastriate activation (Barnes, Hess, Dumoulin, Achtman, & Pike, 2001; Imamura et al., 1997; Muckli et al., 2006) .
It has become clear that the contrast sensitivity loss in amblyopia does not adequately represent the full extent of the visual dysfunction. There are numerous examples of reduced performance by the amblyopic visual system on tasks using stimuli that are equi-detectable for the normal and amblyopic eyes (Imamura et al., 1997) . These tasks include position (Hess & Holliday, 1992; Levi & Klein, 1985; Sireteanu & Fronius, 1989; Sireteanu, Lagreze, & Constantinescu, 1993) , orientation (Demanins, Hess, Williams, & Keeble, 1999) , shape (Hess, Wang, Demanins, Wilkinson, & Wilson, 1999) , second order detection (Mansouri, Allen, & Hess, 2005a; Wong, Levi, & McGraw, 2001) , and motion adaptation (Hess, Demanins, & Bex, 1997) . This suggests a deficit involving more than contrast detection, yet it does not necessitate an explanation involving more than V1. The tasks that amblyopes perform poorly, and that argue for extrastriate involvement, concern global processing that is believed to occur exclusively in extrastriate cortex. Strabismic and anisometropic amblyopes exhibit defective global motion (Simmers, Ledgeway, Hess, & McGraw, 2003) and global form (Simmers, Ledgeway, & Hess, 2005) detection that cannot be ascribed to the visibility deficit thought to reside in V1. The nature of the global processing deficit suggests that regions in both dorsal and ventral extrastriate pathways, known to be involved in global motion and form processing, respectively, are affected. The processing of contrast-defined or 'second order' information is particularly affected (Simmers et al., 2003 (Simmers et al., , 2005 , and there is evidence to suggest extrastriate specialization for this function in the lateral occipital cortex and the anterior superior parietal lobe (Dumoulin, Baker, Hess, & Evans, 2003) . Complementary evidence for a luminance defined or 'first order' global motion (Constantinescu, Schmidt, Watson, & Hess, 2005; Ellemberg, Lewis, Maurer, Brar, & Brent, 2002) and form processing deficit has been shown also for the more rare, deprivation form of amblyopia (although in this case the effects are greater for bilateral as compared to unilateral deprivation). The fact that global processing of both form and motion are compromised in all the different forms of amblyopia suggests that abnormal global processing is a fundamental consequence of disrupting vision in early development.
As a next step, it is important to understand the nature of this global processing deficit in amblyopia. It has been generally concluded from the above studies Lewis et al., 2002; Simmers et al., 2003 Simmers et al., , 2005 and those that preceded them from the work on lesioned animals (Newsome & Pare, 1988) that the inability to perform the coherence tasks was due to defective global integration of local visual information, be it spatial or motion. We question the generality of this conclusion on the basis that our previous results have demonstrated normal global orientation integration for contours (Hess, McIlhagga, & Field, 1997) , normal integration of local orientation in a mean orientation task for first (Mansouri, Allen, Hess, Dakin, & Ehrt, 2004b) and second order stimuli (Mansouri et al., 2005a) , and normal integration of local motion in a motion direction task (Mansouri, Allen, Hess, & Dakin, 2004a; Hess, Mansouri, Allen, & Dakin, 2006) . In the first example, we measured contour integration performance in amblyopia and showed that once the positional uncertainty of amblyopic visual system had been taken into account, the integration of local oriented signals was normal. In the latter two examples, using an equivalent noise paradigm, we showed that the amblyopic visual system can judge the mean of an array of oriented signals and the mean of an array of motion directions with normal accuracy, quantified in terms of internal noise and number of samples. These two tasks while almost certainly reflecting different neural processes have one thing in common, they both require global integration of one sort or another; contours require global linking of orientation (Field, Hayes, & Hess, 1993) whereas mean judgements require a signal integration that has been shown to be robust to changes in signal number, density or field size (Dakin, 2001) . Taken together, these suggest, contrary to what is currently thought on the basis of coherence tasks, that spatial and motion signals indeed can be integrated with normal efficiency by the amblyopic visual system.
How can the finding of anomalous coherence thresholds for global motion and form tasks be squared with the equally solid finding of normal integrative function for global motion and form tasks in amblyopia?
Although both coherence (Simmers & Bex, 2004; Simmers et al., 2003) and integration (Mansouri et al., 2004a (Mansouri et al., , 2004b Hess et al., 2006) tasks are global in nature, there is a fundamental difference between them: namely the presence of visual noise in the former. In our recent integration tasks, all the local elements were samples of a distribution whose mean (i.e., the signal) was to be judged, illustrated by the distribution shown in Fig. 1a . Thus, an ideal observer would blindly integrate information from each and every stimulus element. Compare this to the situation in the standard global coherence motion or form tasks of the type used by Simmers and co-workers or Ellemberg and coworkers Lewis et al., 2002; Simmers et al., 2003 Simmers et al., , 2005 . In those tasks only some of the elements were signal, while the rest were noise (this is illustrated by the additional pedestal noise population shown in Fig. 1b ). An ideal observer would certainly not blindly integrate all elements. An ideal observer would both segregate (i.e., ignore as much of the tails of the pedestal noise distribution as possible), based on its best estimate of what constituted signal as opposed to noise, and then integrate only the signal. Indeed, we have recently shown (Mansouri, Hess, Allen, & Dakin, 2005b) , using a dichoptic paradigm, that the normal visual system does better than would be expected if it blindly integrated signal and noise in this paradigm, suggesting a role for a mechanism that rejects (i.e., segregates) some of the noise prior to signal integration. The only result that does not immediately fit this explanation is contour integration (Hess & McIlhagga et al., 1997) . However, the problem here is due to an early positional inaccuracy presumably occurring before any global segregation takes place.
In order to resolve the seemingly contradictory finding from coherence studies (Constantinescu et al., 2005; Ellemberg et al., 2002; Lewis et al., 2002; Simmers & Bex, 2004; Simmers et al., 2003) on the one hand and integration studies (Mansouri et al., 2004a (Mansouri et al., , 2004b Hess et al., 2006) on the other, we measured global motion and orientation perception of amblyopic subjects using a stimulus that combined both approaches. The task involved estimating either the mean orientation (global form) or motion direction (global motion) of a sample of spatially localized signals, an example of which is illustrated in Fig. 2a and d . The elementary signals used in the orientation and the motion experiments were local spatial Gabors and Laplacian-of-Gaussians, respectively. Performance was measured in the presence of controlled amounts of pedestal noise, whose orientations or directions were randomly selected, as illustrated by the additional population in Fig. 2c and f. The orientations (spatial task) or motion directions (motion task) of the pedestal noise elements were chosen to be unrelated to the signal parent distribution (although they did overlap) whose mean had to be judged. Fig. 1c and d show the parameter space we investigated. The abscissa represents the standard deviation of the parent distribution from which the samples were drawn (i.e., different standard deviations for the population distribution in Fig. 1a ) and whose mean the subjects estimated (relative to the vertical). This is the integration axis because all the elements are signal elements and contain useful information about the mean of the distribution (Dakin, 2001; Dakin, Mareschal, & Bex, 2005) . The ordinate represents the percentage of the elements that contain random noise; those are elements whose orientation (form task) or motion direction (motion task) are drawn from a uniform distribution rather than the parent distribution from which the signal elements are drawn, as illustrated in Fig. 2c and f. This axis represents not only integration of signal but also segregation of noise. The color-coding in Fig. 1c and d represents performances in the global motion task for a model integrator and a human observer, respectively. The model integrator combines all information to obtain an estimate of the mean. Unsurprisingly, performance was good so long as the percentage of noise elements was low; at low parent standard deviations, that is where most of the elements have similar orientations or motion directions, noise levels up to 20-30% could be tolerated whereas at large parent standard deviations, the noise had a greater effect though this was only seen at the largest standard deviations in our range. Human observers were less susceptible to pedestal noise especially when the standard deviation of the parent distribution was small (when all the signals had similar properties) being able to tolerate up to 80% of the elements being noise. This illustrates that the normal visual system possesses a mechanism that, under certain conditions, allows it to segregate signal from noise and we hypothesize that such a mechanism may play a crucial role in global tasks where the % coherence (i.e., signal/noise) is varied.
In the present study, we assessed whether the problem amblyopes of all kinds have in performing global tasks might not be to do with signal integration as much as noise segregation. On the basis of the illustration in Fig. 1 , we hypothesize that amblyopes are deficient in the region of parameter space corresponding to low standard deviations of the parent distribution and high pedestal noise (i.e., where performance depends on segregation in normal subjects). To provide a direct test of this hypothesis we systematically investigated the role noise plays (i.e., the space depicted in Fig. 1 ) in both spatial and motion tasks in which amblyopes have been shown previously to be anomalous Simmers et al., 2003 Simmers et al., , 2005 . In addition, we used an equivalent noise model to quantify the extent of the disruption that noise has on the amblyopic, as compared with the normal, visual system and by doing so, provide support for the idea that the deficit in extrastriate cortical processing driven by the amblyopic eye, involves segregation more than integration.
Methods

Observers
Twelve naïve observers (six amblyopic and six normal) were tested. The visual acuity in amblyopic eyes ranged from 20/40 to 20/400 (for details see Table 1 ). The inclusion criteria for amblyopic observers were: (a) visual acuity of 20/20 or better after optical correction in the fellow fixing eye (b) visual acuity of 20/40 or worse after optical correction for amblyopic eye (c) no other ocular or cortical diseases. Refraction was examined in all observers and appropriately corrected prior to the testing period. ''Declaration of Helsinki'' was followed and informed consent was obtained from all observers before data collection.
Eye dominance
Eye dominance was assessed for each normal subject using a sighting test (Rosenbach, 1903) . Five subjects were right eye dominant, one was left eye dominant.
Apparatus
A Macintosh G3 computer was used to generate and present the stimuli and collect the data. For generating the stimuli and running the experiment we used Matlab environment (MathWorks Ltd.) and Psychophysics ToolBox (Brainard, 1997) . All stimuli were presented on a 20-in. Sony monitor (Trinitron 520GS). The monitor was calibrated and linearized using a Graseby S370 photometer and the Video Toolbox package (Pelli, 1997) . Pseudo 12-bit contrast accuracy was achieved by using a video attenuator (Pelli & Zhang, 1991) , which combined the RBG outputs of the graphic card (ATI Rage 128) into the G gun. The refresh rate, mean luminance, and the resolution of the screen were 75 Hz, 33 cd/m 2 , and 1152 · 870 pixels, respectively. The viewing distance was 57 cm from the screen in all experiments. Therefore one pixel on the screen was 0.32 mm, which subtended 2.12 arc min. The observers performed the task monocularly with one eye patched at a time.
Stimuli
We studied 'motion' and 'orientation' integration in two experiments using two separate but similar stimuli. In both experiments, the stimuli were arrays of spatially bandpassed micropatterns that were presented on a mid-green background. The stimuli were randomly distributed within a 6°wide circle, centred on the screen. The presentation time was 500 ms.
In Experiment 1, 128 moving Laplacian-of-Gaussian ($ 2 G) blobs (see Fig. 2a ) were used which were defined as:
where r represents the space constant. The peak spatial frequency of the blobs was defined as:
For this experiment r was equal to 6.75 arc min and the peak spatial frequency was 2 c/deg. Each blob was moving upward and to the left or right of vertical with a velocity of 10 deg of visual angle per second for the whole presentation time. If any blob passed the border of the presentation window, it was regenerated at the opposite side.
In Experiment 2 we used arrays of 64 Gabor micropatterns (G) (Dakin, 2001) , which were defined as: shows the stimuli with a 0°standard deviation and no pedestal noise and an average direction tilted to the right of vertical. In (b), the orientation standard deviation is 12°, there is no pedestal noise and the average direction is tilted to the right of vertical. In (c), the direction standard deviation is 0°b ut the pedestal noise is 50% (i.e., 50% of the elements are randomly oriented) and the average orientation is tilted to the right of vertical. Fig. 1d shows stimuli of zero variance and zero pedestal noise as used in Experiment 2. The average orientation is tilted to the left of vertical. In (e), the orientation standard deviation is 30°, there is no pedestal noise and average orientation is tilted to the left of vertical. In (f), the orientation standard deviation is 0°but the pedestal noise is 50% (i.e., 50% of the elements are randomly oriented) and the average orientation is tilted to the right of vertical.
where r is the standard deviation of the circularly symmetric envelope, which was 0.4°for this experiment. The spatial frequency of the sinusoidal modulation within the Gabor was 0.52 cpd, m is the Gabor axis, and T is the phase.
The direction of each moving blob in Experiment 1 and orientation of each Gabor in Experiment 2 was selected from a parent Gaussian distribution with a mean equal to the cue, i.e., 90°± the cue generated by APE (Watt & Andrews, 1981) and a variable bandwidth. The direction and orientation distributions' standard deviation was varied from 0°(all elements moving in one direction or being aligned, see Fig. 2a and d) to 50°and 30°( high variability, see Fig. 2b and e) in Experiment 1 and Experiment 2, respectively. Both experiments consisted of two conditions. In condition (A) all stimuli were selected from the parent Gaussian distribution. Therefore in this case all elements were signals containing useful information. Thus, the best strategy for the visual system to employ in order to perform the task would be to integrate information across all elements (see Fig. 2a , b, d, and e).
In condition (B) the stimulus array was comprised of signal and pedestal noise elements (noise varied from 25% to 90%). The pedestal noise elements were moving in random directions (Experiment 1, see Fig. 2c ) or were randomly oriented (Experiment 2, see Fig. 2f ). Random pedestal elements resembled the signal elements in all aspects but their direction (Experiment 1) or orientation (Experiment 2) distributions, which were uniform. In this condition, the best strategy for the visual system to adopt would be to integrate information from the segregated signal elements. Fig. 2a-c show static figures of the moving stimuli that were used in Experiment 1 (to see an example of stimuli that we used, go to: http://www.mvr.mcgill.ca/Behzad/ Motion.html). The stimuli for Experiment 2 are shown in Fig. 2d-f (to see an example of stimuli that we used, go to: http://www.mvr.mcgill.ca/Behzad/Firstorder.html). Fig. 2a, b, d , and e have no pedestal noise; Fig. 2c and f show the stimuli with 50% pedestal noise.
Our model of integration
Previously, (Dakin, 2001 ) used this task and showed that normal observers can integrate local orientation information efficiently over a large range of stimulus sizes, numbers and densities. His results were well described by the equivalent noise model. Given that thresholds are estimates of response variance, the non-ideal behaviour of observers with noiseless stimuli (zero orientation variance) can be expressed as an additive, internal noise, which means that in the no variance condition, the visual system behaves as if it is performing the task in the presence of a certain amount of variability in the stimulus population. The observer's robustness to increasing amounts of external noise will depend decreasingly on internal noise and increasingly on how many samples are averaged over because more samples give a better average estimate from the stimuli population, which decreases the effect of the external noise. The form of the equivalent noise model is:
where r obs is the observed threshold, r ext is the external noise, r int is the estimated equivalent intrinsic or internal noise and n is the estimated number of samples being employed. In terms of the orientation discrimination task, r obs corresponds to the threshold for orientation discrimination, r ext to the standard deviation of the distribution from which the samples are derived (see Stimuli), r int to the noise associated with the measurement of each orientation sample and their combination and n corresponds to the estimated number of orientation samples being combined by the visual system.
Model simulation of integrative and segregative function
We formulated a model of global integration based on pooling information across space. The model averages the local orientation or motion direction within the stimulus. Then it compares the computed average with the cue orientation or motion direction, to estimate threshold. The data analysis from the model simulation was identical to that used for the experimental data.
The model took the local elements orientation or motion direction values as input (Fig. 1a) . However, because the orientation/direction discrimination threshold of a single element (the same type as is used in this experiment) is $2° (Mansouri et al., 2004a (Mansouri et al., , 2004b Hess et al., 2006) , we applied a 2°variation to the local elements in our model (termed 'intrinsic local orientation uncertainty'). This was achieved by multiplying every orientation or motion direction by a random Gaussian distribution with a bandwidth of 2°. At the second stage, the model pools the local information to derive an average.
For the segregation simulation, the model took only the values from within a predefined band (Fig. 9c) . It has knowledge of where the centre of the segregated band should be and pools only information residing within ±2 SD of the mean of the signal distribution.
Statistical analysis
We measured thresholds for orientation/direction discrimination and derived the parameters, internal noise and number of samples, from the equivalent noise model (Dakin, 2001; Dakin et al., 2005; Mansouri et al., 2004b) , for four groups, namely the fellow fixing eyes (FFE) and amblyopic eyes (AME) of amblyopic observers, and the dominant eyes (DE) and non-dominant eyes (NDE) of normal observers. There were two factors, the standard deviation of the signal population (SD) with 10 levels (0, 1, 2, 4, 8, 12, 20, 30, 40, and 50 in Experiment 1 and 0, 1, 2, 4, 6, 8, 12, 16, 20, and 30 in Experiment 2) and the pedestal random noise (P.N.) having six levels in Experiment 1 (0%, 30%, 50%, 70% 80%, and 90%) and 4 levels in Experiment 2 (0%, 25%, 50%, and 75%). We used anova and t-tests to analyze the data. Each group, for any condition, was The following abbreviations are used; obs for observers, mix for mixed anisometropic/strabismic, strab for strabismic, aniso for anisometropic, depr for deprivation amblyopia, RE for right eye, LE for left eye, ET for esotropia, XT for exotropia, ortho for orthotropic alignment, and DS for dioptre sphere.
separately compared with the other groups. We used a paired t-test (repeated measures t-test) when we compared amblyopic with fellow fixing eyes in amblyopic observers and dominant with non-dominant eyes in normals. We used anova to compare average thresholds over FFE, AME, DE, and NDE at various SDs and P.N.s (Figs. 4 and 8) . We also calculated 95% confidence intervals (CI) for the thresholds from each individual psychometric function using a bootstrapping technique. We used the CI to compare individual sets of data within the groups.
2.8. Procedure 2.8.1. Equating performance at the single element level
In order to equate the performance levels for both tasks at the individual element level for fellow fixing and amblyopic eyes, we measured the motion direction (in Experiment 1) and orientation (in Experiment 2) discrimination threshold for a single element, as a function of the contrast of the stimulus. This single element was of the exact type used in the later integration experiment. So any subsequently measured performance deficit must be global in nature. The stimulus was presented in a random position within the 6°presentation area, the same area as for the following integration experiments. The direction of a single blob (in Experiment 1) and the orientation of a single Gabor (in Experiment 2) with respect to the notional vertical was measured. The magnitude of the threshold tilt was determined by the APE procedure.
A single temporal interval, two-alternative forced choice (2-AFC) paradigm was used. Observers had to judge whether the element's motion direction or orientation was tilted to the right or left of vertical (clockwise or counter-clockwise). In both experiments 1 and 2 we used a method of constant stimuli. In Experiment 1 the signal ranges were pre-selected from pilot runs whereas in Experiment 2 they were chosen adaptively from a series of initial guesses (Dakin, 2001) . We used the adaptive modification to try to increase our efficiency (i.e., less trials per estimate), though we did not find that this was the case because more runs were often needed to obtain comparable threshold estimates.
The observers' direction and orientation threshold was estimated from the slope of the best fitting cumulative Gaussian psychometric function derived from between 256 and 512 presentations. 95% confidence intervals (CI) were estimated from 1000 bootstrap replications of the fit (Wichmann & Hill, 2001a , 2001b .
In amblyopic observers, the single element was presented to the amblyopic eye at a fixed, high contrast (50% in Experiment 1 and 75% in Experiment 2) and to the fellow fixing eye at a range of contrasts. The threshold for the fellow fixing eye increased with decreasing contrast. Therefore, the contrast with which the fellow fixing eye gave an equal threshold for direction or orientation discrimination to that of the amblyopic eye with the fixed high contrast stimulus, was selected. In the subsequent integration experiment, the stimuli were presented with contrasts for the fellow fixing and amblyopic eyes that gave comparable thresholds for the single element task.
For our group of normal controls we used stimuli of 25% contrast in the integration experiments. This contrast represents the average contrast level used for the fellow fixing eyes of amblyopes.
Motion integration (Experiment 1)
Arrays of 128 randomly positioned, moving blobs were presented. The direction of an individual blob was chosen from a Gaussian distribution with a variable bandwidth and a mean equal to the cue (i.e., 90°± the cue generated by APE). The observers' task was to judge whether the mean direction of the array of blobs was to the right or left of vertical (see Fig. 2a-b) . Direction discrimination thresholds were obtained from between 256 and 512 presentations for each standard deviation (10 levels typically between 0°and 50°) of the parent distribution. The motion direction threshold for each level of variability of the parent distribution was estimated from the slope of the best fitting cumulative Gaussian function using a maximum likelihood procedure. An equivalent noise model (Dakin, 2001; Dakin et al., 2005; Mansouri et al., 2004b) was fitted to the thresholds separately for each eye of each observer in each condition.
Orientation integration (Experiment 2)
In the orientation integration experiment (Experiment 2), a similar procedure was followed to that for motion integration (Experiment 1). Arrays of 64 randomly positioned, oriented Gabors were presented. The orientation of an individual Gabor was chosen from a Gaussian distribution with a variable bandwidth and a mean equal to the cue (i.e., 90°± the cue generated by APE). The observers' task was to judge whether the mean orientation of the array of Gabors was rotated clockwise or counter-clockwise (tilted to the right or left of vertical) (see Fig. 2d-e) . Orientation discrimination thresholds were obtained from between 192 and 340 presentations for each of a number of standard deviations (10 levels typically between 0°and 30°) of the parent distribution. The orientation thresholds were estimated as those described for motion thresholds in Experiment 1.
Pedestal random noise (Experiments 1 and 2)
7In additional sets of experiments for both motion and orientation integration tasks, some of the elements represented a pedestal random noise (25-90%), as illustrated in Fig. 1b . The direction or orientation of the pedestal random elements was chosen from a uniform distribution (0-360°in Experiment 1, see Fig. 2c ; and 0-180°in Experiment 2, see Fig. 2f ). Different percentages of the elements were random in different conditions (30-90% in motion and 25-75% in orientation experiment). Thus, in a general sense, there were two sources of ''noise,'' one resulting from the standard deviation of the parent distribution from which the individual motion or orientation samples were derived and another from the uniform distribution of the pedestal noise. Increasing either the standard deviation of the signal population (i.e., external noise) or the pedestal random noise (i.e., coherence noise) could independently increase the threshold of the observer. To study the interactive effect of these two separate noise sources on performance, we assessed global performance on both motion and orientation tasks. Fig. 3 shows sample data for the thresholds in one amblyopic observer (ED) for four different pedestal noise conditions for motion direction integration. The abscissa is the standard deviation of the signal population which was varied from 0°to 50° (0, 1, 2, 4, 8, 12, 20, 30, 40, and 50) . The ordinate is the motion direction threshold offset (deg). The data have been fitted by an equivalent noise model (Mansouri et al., 2004b) . The parameters of internal noise (i.n.) and number of samples (n.s.) are shown in the inset. The circles and dashed lines represent the data for the fellow fixing eye (FFE) and the square and solid line represent the data for the amblyopic eye (AME). Increasing the standard deviation of the signal population beyond about 12°resulted in an increase in threshold.
Results
Motion integration (Experiment 1)
In Fig. 3a , the no pedestal noise condition, the AME and FFE show similar thresholds (95% CI, p > .05) and a comparison of AME with FFE, shows that the parameters of internal noise (1.8 versus 1.6) and number of samples (9.0 versus 7.8) are not statistically different. In Fig. 3a d, the pedestal noise is increasing from 0% to 80%. As the pedestal noise gradually increases, the thresholds in the AME rise faster than those of the FFE. In the 80% pedestal noise condition, the thresholds of the two eyes are significantly different (95% CI, p < .05) at low parent standard deviations (up to 10°). This difference is reflected in the internal noise parameter, which is higher in the amblyopic eye, by the factor of 3 (17.6 versus 6.2, 95% CI, p < .05). The number of samples is comparable in AME and FFE across all conditions. Similar results to those of this subject were collected for all amblyopic observers. Fig. 4 shows the average thresholds for FFE (open symbols and dotted lines), AME (black symbols and solid lines), and DE (grey symbols and dashed-dotted lines) for two 0% (circle symbols and grey lines) and 80% (diamond symbols and black lines) coherence noise conditions. The abscissa represents the standard deviation of the signal distribution (deg) and the ordinate represents the threshold direction offset (deg). Error bars represent ±0.5 standard deviations. In the 0% coherence condition, all eyes show similar performances. For the 80% coherence noise condition FFE and DE show similar performances and both are significantly different from amblyopic eyes at 2°, 4°, and 12°of standard deviations (e.g., DE versus AME, SD = 2°, df = 300, q (300) = 3.64, p < .05 and FFE versus AME, SD = 2°, df = 300, q (300) = 3.42, p < .05).
In Fig. 5 , the average direction thresholds are shown for the dominant eye (DE) of the six normal observers (a) and the amblyopic eye (AME) of the six amblyopic observers (b). The threshold ratio for the two groups is shown in Fig. 5c . The abscissa represents the standard deviations of the signal population (deg). The ordinate represents the percent pedestal random noise. The Z-axis in (a) and (b) represents the threshold direction offset (deg).
At low pedestal noise conditions (e.g., 0-30%) the thresholds in both eyes are similar except at high standard deviations of the parent population (e.g., 50°) (Fig. 5a and Squares and solid line represent the amblyopic eye (AME) thresholds. In (a), there is no pedestal noise. The AME performs the task similar to the FFE and the internal noise and numbers of samples parameters are not different. Fig. 1b , c, and d show the conditions where the pedestal noise (P.N.) increases to 30%, 50%, and 80%, respectively. As the pedestal noise increases, the difference between the performance of the FFE and the AME, as reflected by the internal noise parameter, dramatically increases. However, the 'number of sample' parameter values stay similar in the two eyes as pedestal noise increases. Fig. 4 . Average direction thresholds for six amblyopic (FFE and AME) and six normal observers' DE are presented for 0% and 80% pedestal noise conditions. Error bars represent ±0.5 SD. Solid, dotted, and dash-dotted lines represent AME, FFE, and DE, respectively. Grey lines represent 0% pedestal noise conditions, in which, all three groups of eyes show similar performance. Black lines show 80% pedestal noise conditions, in which, FFE and DE show similar performances, which are in turn, significantly different from those of the amblyopic eyes.
b) where the threshold in the AME is higher than that in DE, although it is not significant (df = 5, t-stat = 2.67, tcritical = 1.94, p > .05). The thresholds in DEs begin to rise along the pedestal noise axis (knee point) above 50% pedestal noise. However, the thresholds in the AME start to rise at lower pedestal noise values (30%). Furthermore, this difference in thresholds of the DEs and AMEs increases as the pedestal noise increases. The threshold ratio is largest in a region of space corresponding to high pedestal noise (i.e., >60%) and moderate standard deviations (i.e., 1-10°) (Fig. 5c) . In Fig. 6 the average values for the parameters of internal noise (a) and number of samples (b) are compared for DEs of six normal (open bars) and AMEs of six amblyopic (closed bars) observers.
In Fig. 6a , the abscissa represents the pedestal noise with six levels and the ordinate represents the equivalent internal noise. The internal noise is comparable and not statistically different in DEs and AMEs at low pedestal noise conditions (e.g., pedestal noise less than 50%). As the pedestal noise increases the differences between the internal noise in DE and AME increases. For 80-90% pedestal noise conditions the differences are statistically significant (e.g., at 90% pedestal noise, df = 5, t-stat = 2.11, t-critical = 2.01, p < .05). The internal noise was not significantly different in DE, NDE, and FFE for all the different pedestal noise levels.
In Fig. 6b , the abscissa represents the pedestal noise with six levels and the ordinate represents the number of samples parameter. The number of samples parameter is only significantly different in DEs and AMEs at the 30% pedestal noise condition (df = 5, t-stat = 2.02, t-critical = 2.01, p < .05). Otherwise the number of samples parameter was comparable in DEs and AMEs. The number of samples parameter was not significantly different in DE, NDE, and FFE.
Orientation integration (Experiment 2)
Fig. 7 shows sample data from one amblyopic observer for four different orientation integration pedestal noise conditions. The abscissa is the standard deviation of the signal population which was varied from 0°to 30° (0, 1, 2, 4, 6, 8, 12, 16, 20, and 30) . The ordinate is the orientation threshold offset (deg). The data has been fitted by the equivalent noise model (Mansouri et al., 2004b) . The parameters of internal noise (i.n.) and number of samples (n.s.) are shown in the inset. The circles and dashed lines represent the data for the fellow fixing eye (FFE) and the squares and solid line represent the data for the amblyopic eye (AME). Fig. 7a , the no pedestal noise condition, shows that the AME and FFE have similar thresholds (95% CI, p > .05). Furthermore, in AME versus FFE the parameters of internal noise (1.9 versus 2.3) and number of samples (8.9 versus 8.9) are not significantly different. In Fig. 7a-d , the pedestal noise is increasing from 0% to 75%. As the pedestal noise gradually increases, the thresholds in the AME rise faster than those of the FFE. In the 75% pedestal noise condition, the internal noise is significantly higher in the amblyopic eye (38 versus 26.4, 95% CI, p < .05). Also, there was a trend for higher thresholds at high pedestal noise conditions across all amblyopic observers. The numbers of samples are comparable in AME and FFE across all conditions. Similar results to those of this subject were collected for all amblyopic observers. Fig. 8 shows the average thresholds for FFE (open symbols and dotted lines), AME (black symbols and solid lines), and DE (grey symbols and dashed-dotted lines) for two 0% (circle symbols and grey lines) and 75% (diamond symbols and black lines) pedestal noise conditions. The abscissa represents the standard deviation of the signal distribution (deg) and the ordinate represents the threshold orientation offset (deg). Error bars represent ±0.5 standard deviations. In the 0% pedestal noise condition, all eyes show similar performance. At 75% coherence noise condition, FFE and DE show similar performance (FFE versus DE: df = 54, q (54) = 1.09, p > .05). Both FFE and DE average thresholds are significantly different from those of the AMEs (e.g., AME versus FFE: df = 54, q(54) = 3.61, p < .05).
In Fig. 9 , the average orientation thresholds are shown for the DEs of the six normal observers (a) and AMEs of the six amblyopic observers (b). The threshold ratios for the two groups are shown in Fig. 9c . The abscissa represents the standard deviations of the signal population (deg). The ordinate represents the percent pedestal random noise. The Z-axis in (a) and (b) represent the threshold orientation offset (deg).
At low pedestal noise levels (e.g., >0%) the thresholds in both eyes are similar. The thresholds in DE begin to rise along the pedestal noise axis (knee point) after the 25% pedestal noise level (Fig. 9a) . However, the thresholds in the AME begin to rise at lower pedestal noise levels (0%) (Fig. 9b) . The differences in thresholds of the DEs and AMEs increases as the pedestal noise increases. The ratio of thresholds reach a maximum in the region of space corresponding to high pedestal noise (i.e., above 50%) and moderate standard deviations (i.e., 1-6°) (Fig. 9c) .
In Fig. 10 the average values for the parameters of internal noise (a) and number of samples (b) are compared for DEs of six normal (open bars) and AMEs of six amblyopic (closed bars) observers.
In Fig. 10a , the abscissa represents the pedestal noise with four levels and the ordinate represents the equivalent internal noise. The internal noise is statistically comparable in DEs and AMEs in low pedestal noise conditions (e.g., 0%). As the pedestal noise increases, the differences between the internal noise in DE and AME increases. At high levels of pedestal noise, these differences are statistically significant (e.g., at 75% pedestal noise; df = 5, t-stat = 1.99, t-critical = 2.01, p = .05). The internal noise was not significantly different in DEs, NDEs, and FFEs across all the conditions.
In Fig. 10b , the abscissa represents the pedestal noise with four levels and the ordinate represents the number of samples parameter. The number of samples parameter was significantly different in DEs and AMEs only at medium pedestal noise (i.e., 25%) (df = 5, t-stat = 4.4, t-critical = 2.01, p < .01). The number of samples parameter was not significantly different in DEs, NDEs, and FFEs.
Discussion
Motion and orientation integration
Previous work has shown that amblyopes exhibit anomalous performance on both global form Simmers et al., 2005) and global motion (Constantinescu et al., 2005; Ellemberg et al., 2002; Simmers et al., 2003) coherence tasks. Since it was shown that in each case the loss of performance could not be explained by the low-level visibility deficit thought to reside in V1 Simmers et al., 2003 Simmers et al., , 2005 , it was concluded that global integration must be selectively defective in amblyopia. However, subsequent work showed that global integration in form tasks (Mansouri et al., 2004b) and in motion tasks (Mansouri et al., 2004a; Hess et al., 2006) is normal in amblyopia, suggesting normal signal integration in amblyopia. The present experiments provide an explanation for this apparent contradiction in terms of a greater Fig. 6 . The averages of the two independent parameters of internal noise (a) and number of samples (b) are plotted for different pedestal random noise (from 0% to 90%) conditions and for amblyopic eyes of amblyopic subjects (closed bars) and dominant eyes of normal subjects (open bars). The error bars represent ±0.5 SD. In the 0% pedestal noise condition, the internal noise is similar in both eyes, showing normal integrative function. The internal noise rises faster in amblyopic eyes compared to the normal eyes, when the pedestal noise increases. The internal noise is significantly higher in amblyopic eyes when pedestal noise is beyond 70%. The numbers of samples are also similar in both conditions when there is no pedestal noise. The number of samples decreases faster in the normal eyes compared to the amblyopic eyes, however, at high pedestal noise levels (>50%), the number of samples is similar in amblyopic and normal eyes.
susceptibility of the amblyopic visual system to noise that needs to be segregated from signal in global tasks, suggesting deficient signal segregation in coherence tasks. We do not find a grossly elevated level of internal noise (i.e., at 0 pedestal noise) in the amblyopic visual system for such a task. This would have led to the opposite effect, that of the amblyopic visual system being less susceptible to added noise, as has been shown for example in positional tasks (Hess, Field, & Watt, 1989) . The finding that the number of samples parameter declined as the pedestal noise increases is expected since the number of signal elements is correspondingly being reduced to maintain a constant overall number of elements. More importantly, this expected decrease in sampling efficiency with increasing pedestal noise was similar for amblyopic and normal observers' eyes.
The typical global form or motion task involves both signal and noise. An ideal observer must not only integrate the signal but also segregate it, as much as is possible, from the spatially coextensive noise. Amblyopes have been shown to be deficient at such coherence tasks Simmers et al., 2005) . In the global form (Mansouri et al., 2004b) and motion (Mansouri et al., 2004a; Hess et al., 2006) integration tasks that we have used previously, an ideal observer must integrate all information because all elements contain relevant information about the mean of the parent distribution from which these Fig. 8 . Average orientation thresholds for six amblyopic (FFE and AME) and six normal observers' DE are presented for 0% and 80% pedestal noise conditions. Error bars represent ±0.5 SD. Solid, dotted, and dash-dotted lines represent AME, FFE, and DE, respectively. Grey lines show 0% conditions. In this condition, all three groups of eyes show similar performance. Black lines show 80% pedestal noise conditions. In this condition, FFE and DE show similar performance, which is significantly better than that of the amblyopic eyes. i.n. =2.3, n.s. =8.9 i.n. =1.9, n.s. =8.9 i.n. =3.0, n.s. =4.2 i.n. =3.0, n.s. =3.3 i.n. =9.8, n.s. =0.6 i.n. =15.7,n.s.=0. . Circles and dotted lines show the fellow fixing eye (FFE) thresholds. Squares and solid line represent amblyopic eye (AME) thresholds. In (a), there is no pedestal noise. The AME performs the task similar to the FFE and the internal noise and numbers of samples parameters are not significantly different. (b-d) Show the conditions where the pedestal noise increases to 25%, 50%, and 75%, respectively. As the pedestal noise increases, the difference between the performance of the FFE and the AME and the internal noise parameter dramatically increases. However, the number of samples parameter stays similar in the two eyes as pedestal noise increases.
signals are sampled. Amblyopes are normal at this (Mansouri et al., 2004a; Hess et al., 2006) . By introducing pedestal noise into the integration task we were able to show that amblyopes went from normal performance at low pedestal noise (i.e., pure integration) to abnormal performance at high pedestal noise (i.e., segregation and integration). This latter condition is representative of the typical global motion/form coherence task at which previous reports suggest amblyopes are abnormal. Since there is evidence (Mansouri et al., 2005b ) that the normal visual system does better in such tasks than predicted by indiscriminate integration of all information (i.e., signal and noise), it must possess mechanisms with which the signal can be, to some extent, segregated from the coextensive noise. In the simplest case, such mechanisms could reflect the bandwidth over which integration is performed or may involve more complex opponent interactions similar to gain control in the contrast domain. Whatever the underlying mechanism is, it appears to be defective in amblyopia. This is illustrated in Fig. 11 where we provide a model prediction. In (a), we show the signal distribution together with the pedestal noise distribution. In (b), we show the limits (±2 standard deviation about the mean) that have been artificially applied to the integration process, thereby segregating the predominantly signal elements within the limits from the predominately noise elements outside the limits. In (c), the ratio of performance of a model integrator (one that simply integrates all the information present in the stimulus as a whole, i.e., Fig. 11a ) to one in which noise is first segregated outside a specified range and signal is only integrated inside this range is shown (i.e., Fig. 11b ). The greatest performance ratio (see Fig. 11c ) for these two different processing strategies occurs in the high pedestal noise and mid standard deviation region of the parameter space. The sparing at the lowest standard deviations is counterintuitive (and also differs from the illustration in Fig. 1 ) and is due to an added intrinsic local orientation The error bars represent ±0.5 SD. In the 0% pedestal noise condition, the internal noise is similar for both types of eyes. The internal noise rises faster in amblyopic eyes compared to normal eyes, when the pedestal noise increases. The internal noise is significantly higher in amblyopic eyes when pedestal noise exceeds 50%. The numbers of samples are comparable in AME and DE across all conditions.
uncertainty incorporated in the model as an additional internal noise parameter. In (d) and (e), the averaged performance deficits are shown for the motion and form tasks from the present study. The greatest performance deficit exhibited by our group of amblyopes is, like the model predictions, in the high pedestal-mid standard deviation regions of the parameter space, suggesting a selective deficit for segregative function. Two types of explanation could be considered. First signal segregation could be defective because the inputs to the segregation process from the amblyopic visual system are of reduced quality. For example, if the directional bandwidths are much broader for the amblyopic as compared with the fellow fixing eye's response, anomalous segregation would result. Alternatively, the problem could lie with the segregation process itself, about which we know so little.
For historical reasons we know more about dorsal extrastriate function than we do about its ventral counterpart. In general, global motion processing appears to involve a number of regions including areas MT (V5) and MST (Mikami, Newsome, & Wurtz, 1986a , 1986b . Neurons in MT have much larger receptive fields, possibly containing many small subunits that represent V1 inputs (Movshon, Adelson, Gizzi, & Newsome, 1985) with extensive centre-surround interactions (Allman, Miezin, & McGuinness, 1985) . Cells in MT fall into two categories depending on whether they have facilitative or suppressive surrounds (Born & Tootell, 1992) . While little is know about the role of such cells in perception, they may play a role in integration and segregation across space (border-contrast). Lesions to this region (i.e., MT/MST) in monkeys (Huxlin & Pasternak, 2004; Newsome & Pare, 1988; Rudolph & Pasternak, 1999) and humans (Baker, Hess, & Zihl, 1991) result in deficits that are selective for global motion coherence tasks. Although no attempt has been made to disentangle the integration versus the segregation components of this loss, there is strong evidence that segregation is anomalous (Baker et al., 1991; Huxlin & Pasternak, 2004; Newsome & Pare, 1988; Rudolph & Pasternak, 1999) . We suggest that a similar deficit occurs in In (a) the model averages over all exiting elements (i.e., signal and noise). In (b), the model takes the samples only from within an area of ±2 SD about the mean (illustrated as region of segregation in (b)), which contains mainly signal elements. In (c-e), the performance of a model observer is compared to that of amblyopic eyes for the motion and orientation experiment. The abscissa represent the standard deviation (deg) of the signal population and the ordinate shows the pedestal noise (%). In (c) the ratio of the threshold direction offset of the model observer when it combines all information and when it segregates the elements beyond 2 SDs of the mean of the signal population, is shown in color-coding. The highest ratio is at high pedestal and medium standard deviations. In (d) and (e), the threshold ratio of the amblyopic eyes of amblyopic observers to the dominant eyes of normal observers for motion and orientation tasks are presented. Similar to the integrator/ segregator model ratio (c), the highest ratio is at high pedestal noise and medium standard deviations.
amblyopia, but affects regions of ventral as well as dorsal streams in extrastriate cortex. Can we say from the present data whether the dorsal stream is more developmentally susceptible, as has previously been suggested (Braddick, Atkinson, & Wattam-Bell, 2003) ? The answer is no. It is difficult to make a quantitative comparison between orientation and motion processing even when the same task is used because the parameter ranges are different (e.g., wraparound for orientation is 180°compared to 360°for motion). All we can say at this point is that both functions are affected.
